Glancing-angle-deposited thin films are used to fabricate half-wave plates in a 1-D striped geometry, forming alternating regions of linearly polarized light on a single 100-mm-diam substrate. MgO is selected for fabricating the birefringent films for use in vacuum, based on its formation of isolated columns that avoid potential tensile-stress failure of the porous film. While large-area tests have shown high defect densities for fluences <10 J/cm 2 , small-spot laser-damage testing has shown resistance to fluences up to 30 J/cm 2 (351-nm, 5-ns pulse). An amorphous silica film is investigated to match the optical thickness in the intermediate regions in an effort to fabricate a polarizationcontrol device to reduce focal-point modulation ("beam smoothing") in high-intensity laser systems. Ongoing efforts to improve the laser-damage threshold and minimize optical losses caused by scatter are essential to realizing a practical device. Scalability of the process to meter-scale substrates is also explored.
INTRODUCTION
Glancing-angle deposition (GLAD) is of increasing interest for its ability to form thin films not only with traditional properties of reflection and transmission but also birefringence, optical rotation, and selective reflectance. Modifications of the film density using GLAD enable the formation of reflective, antireflective, and filter coatings using a single material, simply by varying the refractive index in a periodic or transitional manner. These coatings not only have unique, flexible optical properties, but they also can be utilized for high-fluence applications. [1] [2] [3] Deposition on a scanning substrate through an aperture makes it possible to pattern these coatings, in order to form large-aperture components with spatially controlled optical properties.
Inertial confinement fusion laser systems utilize multiple high-intensity beams to compress a small target uniformly in order to perform high-density physics experiments with the ultimate goal of achieving controlled fusion. The interaction of multiple coherent beams-whether separate beams or redirected sub-apertures of a single large beam-in the same space leads to both constructive and destructive interference at the target, reducing the uniformity of illumination. The beams will not interfere if they have orthogonal polarization states, so spatially varying polarizations can lead to improved target illumination. This is pursued by the selection of the polarization state of each beam, to minimize beam-to-beam interactions, as well as varying the polarization within the beam aperture with a distributed polarization rotator (DPR). DPR's have traditionally been fabricated from a birefringent crystalline wedge, yielding a continuous polarization variation across each beam. More recently, efforts have been underway to demonstrate a GLAD-based DPR, making it possible to incorporate the large-aperture, high-intensity beams of the National Ignition Facility.
1,2 The current DPR concept is shown in Fig. 1 , with stripes of alternating polarization states that would not interfere.
Different materials and structures have been explored, with the preferred solution to date utilizing MgO for vacuum compatibility with a relatively high laser-damage threshold. Challenges include scaling the process to large apertures, high optical scatter from the coating structure, and high defect densities limiting the maximum operating fluence. 
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BACKGROUND
GLAD is a thin-film fabrication process that utilizes a vapor at high incidence angle condensing on a substrate with low surface mobility, forming a structured, anisotropic film because of self-shadowing effects. [4] [5] [6] This technique has been studied extensively under various designations, 2 where the end goal still remains the precise control of a film with anisotropic properties. Spatially homogeneous phase retardation has been demonstrated over large areas by translating the substrate behind an aperture, maintaining a consistent source-to-substrate geometry, and therefore deposition angle, at each region of the substrate. 1, 7 GLAD films are relatively delicate since the unique film properties are created by forming films with a reduced density in a controlled manner. Some films may approach the refractive index of air, similar to xerogels and aerogels, with similar concerns for the mechanical strength. Such a structure can be quite susceptible to stresses resulting from changing environments, such as the movement of water and air as the film is introduced into a vacuum atmosphere. 8 Since MgO forms isolated birefringent columns, 2, 9 MgO GLAD films are much more difficult to damage from such stresses and, as a result, are compatible for use in vacuum.
A primary challenge in depositing thick GLAD films with high transmittance is the optical interference that results from a system consisting of a film of one refractive index on a substrate with a different refractive index used in air with n = 1.0. A film that is sufficiently thick to provide the desired birefringence for a quarter-or half-wave plate at 351 nm will have a sufficiently large phase thickness to make it nearly impossible to incorporate the layer in a hightransmittance multilayer design. Previous attempts have been based on index matching the GLAD film to the substrate, as a means of effectively making the substrate thicker, yielding the same Fresnel reflectance as the uncoated substrate.
1,2 However, an alternate approach recently detailed by Grinevičiūtė et al. uses cell-type structures as a means of limiting column broadening. 3 Each cell can also be designed optically such that it remains "absentee" with respect to the wavelength in use, having no impact on the overall transmittance of the component. In this manner, the total retardance can be realized by repetition of the absentee cell structure; once the necessary retardance is reached, an antireflective coating can be added at the coating/air interface.
An issue with spatially patterning a substrate with isolated regions of GLAD coatings is that the optical thickness of the substrate is now different in the various locations. Likewise, there are now edges to the patterned deposition regions, leading to diffraction of the incident light and modulation of the illumination on the target (the reduction of which is the purpose in fabricating this component, so increased modulation is not acceptable). Various approaches to mitigate this issue include the use of alternate polarization states based on left-and right-hand circular polarizations, such that the entire optic is evenly coated, or filling the regions between birefringent stripes to match the overall optical thickness. Both approaches are explored in order to optimize component performance.
GLAD CELL-STRUCTURE DESIGN
The basic premise of the cell approach is that each layer in the structure must be an integer multiple of a half-wave optical thickness so that the overall structure has no net effect on the transmittance/reflectance of the component. The cell incorporates a layer of birefringent columns between dense, homogeneous layers of the same coating material deposited at normal incidence to the substrate surface (i.e., not GLAD). An example of the unit cell design is ( ) 2 2 , xB yD (1) where B and D are birefringent and dense quarter-wave optical thickness layers of the material, respectively, and x and y are integer multiples for each layer. The concept can be extended using non-absentee layers, provided the layers between are absentee (similar to a Fabry-Perot filter). For example, the unit cell in the following structure
consists of two half-wave optical thicknesses of a birefringent layer and 0.5 half-waves of a dense layer. However, if the design is deposited with an even number of repetitions or an additional D at the beginning, the overall design remains absentee.
Prototype designs were explored using these concepts as shown in Fig 2, considering the birefringent layer as a single nominal refractive index and the "dense" layer as the typical refractive index based on traditional evaporated optical interference coatings. Designs were created to yield a targeted birefringence of either a quarter-or half-wave optical thickness, with negligible Fresnel reflectance from the final coated component. Designs were developed using both MgO and SiO 2 to simultaneously pursue vacuum compatibility and high laser-damage threshold. 
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The GLAD coatings were deposited in a 1.2-m vacuum chamber equipped with a custom Angstrom Engineering GLAD stage capable of tilt, rotation, and x/y scanning of the substrate behind an aperture as shown in Fig. 3 . Films were deposited using a continuously rotating pan-type, 12-in. electron-beam gun from EB Sources with rate and thickness controlled by quartz crystal monitoring. Substrates were heated by quartz heat lamps to yield various temperatures in the 30° to 90°C range.
Previous explorations for high-damage-threshold GLAD coatings have incorporated Al 2 O 3 and MgO (Refs. 1 and 2). SiO 2 was investigated briefly, 1 but reactivity with atmospheric water resulted in significant scatter losses and the material was not pursued further at that time. MgO GLAD was found to have a very high defect density, which was not anticipated given the low-energy sublimation of the source material. While the film structure results in a material with separated columns that is vacuum compatible, the high defect density leads to an unacceptably low laserdamage threshold. Both SiO 2 and MgO are examined further in this work. Figure 3 . Angstrom Engineering GLAD stage mounted in a 1.2-m coating chamber. The electron-beam gun is mounted directly below the coating aperture, behind which the substrate is scanned for deposition of one or more stripes. An Inficon Crystal12 quartz crystal head can be mounted to the side to monitor thickness, with an intermediate shield installed to limit coating buildup on the chamber.
RESULTS
The e-beam deposition process with serial bi-deposition was used to form birefringent layers of MgO with vertical columns. MgO was sublimed at a rate of 0.2 nm/s from a continuously rotating hearth in a 12-in. EB Sources electron-beam evaporation source. An oxygen backfill pressure of 1 ×10 -4 Torr was maintained in the chamber to improve oxidation stoichiometry. The influence of substrate temperature was explored, with multiple depositions at both 30°C and 90°C. As shown in Fig. 4 , higher temperatures lead to broader columns, which correspond to greater optical scatter for 351-nm-wavelength light. This also implies greater mobility of the condensing material and higher density of the deposited film. Depositions should therefore be maintained at lower temperatures to reduce scatter losses that could lead to laser damage of other components, or intensity modulations and/or waveguiding within the coating leading to laser damage. Silica films were deposited by e-beam evaporation at a rate of 0.3 nm/s with no oxygen backfill pressure in the same system, in the cell-type structure, with the design goal shown in Fig. 2(b) . The layer thicknesses and refractive indices must be calibrated to yield an optically absentee structure centered about 351 nm. An initial effort using three cells was deposited, the results of which are shown in Fig. 5 . The dense layers enable a "reset" of the column width, avoiding continued column broadening with greater film thickness. This coating exhibited a retardance of 39 nm for 351-nm light, with a reflectance of 0.75% and a scatter loss of <0.1%. Coatings of greater thickness to achieve the desired retardance are underway and will be reported in the near future, together with a more-complete evaluation of laser-damage thresholds and optical performance. Figure 5 . Cell-structure silica GLAD film with three cells deposited. Column width is of the order of 30 nm, which is necessary for a low-scatter coating since it is an order of magnitude less than the wavelength in use. The antireflective coating is integrated into the overall structure (top and bottom layers), resulting in a reflectance of <0.75%, with further optimization pending.
CONCLUSIONS
GLAD coatings for spatially patterned wave plates have been demonstrated in a scanning deposition system. The cell structure can be used to design high-transmittance coatings, enabling alternative approaches to GLAD waveplate design. Laser-damage testing, vacuum compatibility, and scatter measurements indicate the potential for such an approach to yield suitable coatings for high-peak-power laser applications. Challenges remain in addressing the transition regions of the striped deposition zones, as well as practicalities in scaling this technology to the fabrication of large-aperture components. The transition regions for GLAD stripes to uncoated regions remain a concern, particularly for integrated antireflection coatings in the overall GLAD structure. These transitions will need to be evaluated, not only for the potential reflectance losses, but also for diffraction given the overall difference in optical thickness and the relatively rapid spatial transition.
